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Abstract:  
Ferroelectricity at room temperature has been demonstrated in nanometer-thin quasi 2D croconic 
acid thin films, by the polarization hysteresis loop measurements in macroscopic capacitor 
geometry, along with observation and manipulation of the nanoscale domain structure by 
piezoresponse force microscopy. The fabrication of continuous thin films of the hydrogen-bonded 
croconic acid was achieved by the suppression of the thermal decomposition using low evaporation 
temperatures in high vacuum, combined with growth conditions far from thermal equilibrium. For 
nominal coverages ≥20 nm, quasi 2D and polycrystalline films, with an average grain size of 50-
100 nm and 3.5 nm roughness, can be obtained. Spontaneous ferroelectric domain structures of 
the thin films have been observed and appear to correlate with the grain patterns. The application 
of this solvent-free growth protocol may be a key to the development of flexible organic 
ferroelectric thin films for electronic applications. 
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Recent reports of room temperature ferroelectricity in croconic acid,1 related oxocarbons,2 
benzimidazoles3, and related hydrogen-bonded proton transfer systems2 are currently accelerating 
the emergence of molecular ferroelectrics (MFE) as viable materials alternatives to inorganic 
ferroelectrics, such as the prototypical barium titanate, BaTiO3. Importantly, croconic acid (CA), 
C5O5H2, exhibits room temperature polarization of the order of 10 - 20 C/cm2 in bulk crystals, 
which is comparable to that of BaTiO3, while at the same time the polarization switching fields 
are of practical order of magnitude.3 The ferroelectric behavior of proton transfer organics like CA 
emerges from the resonance-assisted hydrogen bonding, specifically from the strong coupling 
between the protons in the hydrogen bonds and the π-electron system of the molecules that give 
them their dipole moments.4  
MFEs have distinctive advantages over complex oxides and may replace oxides in some 
applications, with benefits in terms of flexibility, scalability, and sustainability.5–7 The potential of 
MFEs to become viable material alternatives to inorganic ferroelectrics hinges on the availability 
of strategies to fabricate thin films with defined structure and morphology on a large scale, which 
at the same time preserve their ferroelectric properties. Vapor deposition, especially chemical 
vapor deposition polymerization, has been a method of choice for the fabrication of thin films of 
numerous organic polymers, including the popular ferroelectric polyvinylidene fluoride, PVDF.8,9 
However, previous work has ruled out, the possibility to utilize thermal evaporation growth 
techniques for CA because the decomposition temperature is lower than the melting point (177 
°C). Another challenge is that the film growth tends to be three-dimensional, due to the weak 
interaction between the MFEs and most non-reactive inorganic substrates. Matrix-assisted pulsed 
laser deposition was performed as an alternative strategy for croconic acid thin films (100-200 nm 
thick), but without reporting the switchable ferroelectric behavior.10  
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Against these preconceptions and inspired by recent work on 2D layers of proton transfer 
ferroelectrics11–13, we studied the growth of nanometer thin CA films using physical vapor 
deposition under high vacuum, over a large range of growth temperatures and film thicknesses. 
We show here that nanometer-thin quasi two-dimensional films of CA can be obtained by 
controlling the surface diffusion and nucleation during the growth. Importantly, room temperature 
ferroelectricity of these films is demonstrated in capacitor device structures as well as through 
local polarization manipulation on the nanometer scale using piezoresponse force microscopy.  
Nanometer thin films of CA were fabricated by physical vapor deposition (PVD) in high 
vacuum with an EvoVac system from Angstrom Engineering using Al2O3 as substrate, and 
alternatively using Al2O3 that has been buffered with either 30 nm NiCo2O4 (NCO)
14,15  or with 
30 nm Al. The conducting NCO and Al buffer layers are of importance for the ferroelectric testing 
of the CA films where they will serve as bottom electrodes. The substrate temperature was 
controlled by a cartridge heater and a flow of liquid nitrogen (-150 °C to 70 °C). After deposition, 
the samples were warmed up to room temperature slowly (~ 0.1°C/min). Polarization imaging and 
local switching spectroscopy was performed using a commercial atomic force microscopy system 
(MFP-3D, Asylum Research) at resonant-enhanced PFM mode. PFM hysteresis loops were 
obtained at fixed locations on the film surface as a function of DC switching pulses (12 ms) 
superimposed on AC modulation bias. The polarization-voltage loop of an Al/CA film/Al/Al2O3 
heterostructure was measured by a Sawyer-Tower method with a 1 Hz Sine wave input. 
Synchrotron X-ray diffraction on the CA film was carried out at beam line 14-ID-B at the 
Advanced Photon Source at room temperature. 
We exploit the advantage of low sublimation temperature in high vacuum (1×10-7 Torr) to avoid 
molecule decomposition during evaporation,1,3,4 as confirmed by the synchrotron X-ray diffraction 
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measurements. As shown in Fig. 1(a), the general agreement between the diffraction spectrum of 
a film grown at a low source (crucible) temperature Tsrc (~130 °C) and that of the powder sample, 
indicates that the CA film is polycrystalline with the bulk crystal structure, suggesting that there 
is minimal thermal decomposition of the CA molecules during the sublimation process. Therefore, 
in this study a source temperature of Tsrc ~ 130 °C has been selected for all growth experiments, 
which corresponds to a deposition rate of 1.2 Å/min. 
The growth of continuous 2D films requires complete wettability of the substrate surface by the 
adsorbate layer.16,17 This is often not the case for organics on non-reactive inorganic substrates so 
that nanometer film growth typically occurs in the Volmer Weber, or 3D growth mode.18 A 
strategy to enforce complete surface coverage and thus 2D film growth is to limit the growth 
kinetics, which is determined by the ratio of the surface diffusivity and the deposition rate.19 If the 
diffusivity is low enough (low substrate temperature), the growth is determined by kinetics, and 
metastable non-equilibrium structures can be achieved. Our strategy is thus to carry out a growth 
of a quasi-2D amorphous layer by deposition at low substrate temperature (Tsub) followed by a 
slow warming up of the substrate to room temperature (~0.1 °C/min) to crystallize the film to 
achieve grain sizes that are not much larger than the nominal film thickness (dnom), as shown in 
Fig. 1(b). Both Tsub and dnom are critical growth parameters, which were established experimentally 
in this study. 
First, we investigated the effect of Tsub on the morphology of the films. The morphology of CA 
films (dnom = 40 nm) grown on bare Al2O3 substrates at various temperatures Tsub is shown in Fig. 
1(c)-1(e), where Tsub is low enough to significantly slow down the diffusion. The film morphology 
in Figs. 1(c) and 1(d) are characteristic for surface dewetting.20–22 with much of the substrate 
surface still uncovered, despite the 40 nm nominal thickness. Therefore, as shown in Fig. 1(h), the 
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height distributions of the morphologies of the films grown at Tsub = -56 °C and at Tsub =-111 °C 
show two peaks, where the first narrow peak corresponds to the substrate surface, and the second, 
broad Gaussian peak corresponds to the size-distribution of the CA crystallites, or grains. We 
attribute the low surface coverage at Tsub = -56 °C and at Tsub = -111 °C to low nucleation rates. It 
appears that at higher temperature, Tsub = -33 °C (Fig. 1(e)), the nucleation rate is considerably 
higher, so that a large number of small crystallites becomes observable. Those crystallites coalesce 
so that in effect a quasi-2D morphology is achieved. At this coverage, the substrate surface is fully 
covered with only the CA grain peak being present in the histogram in Fig. 1(h). The RMS 
roughness of this film is 3.5 nm over a 5×5 μm2 area. The average size of the grains, estimated 
from the AFM images, is approximately 60 nm (see Fig. S1 in the supplementary materials),23 
comparable to the nominal thickness of the film. For even higher substrate temperatures, Tsub > -
33 °C, surface dewetting is observed again (see Fig. S2 in the supplementary materials),23 which 
we attribute to the closer proximity to equilibrium growth due to the increased diffusion rate at 
higher temperature. 
Next, we studied the dependence of the film morphology on the nominal film thickness dnom in 
the kinetically limited growth regime. Figure 1(e)-1(g) show the AFM images of CA films of 
different dnom grown with Tsub = -33 °C. While for dnom = 10 nm there is still about 30% of the 
substrate surface uncovered, resulting in a discontinuous layer, the 20-nm-thick film appears to be 
nearly continuous, even though some defect pinholes are still present. The percentage of the 
uncovered surface area (bearing ratio) is 0.2% for the 20-nm-thick film, and <0.1% for dnom > 20 
nm.  
Hence, to grow a continuous, or quasi-2D crystallized film using the strategy above, two 
conditions must be satisfied: (i) the substrate temperature must be in the range where the diffusion 
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on the surface is suppressed during the deposition and a high nucleation rate can be achieved by 
annealing, and (ii) the nominal thickness of the film must be sufficiently large to achieve full 
surface coverage. For the present system of CA on Al2O3 (001) one sweet spot appears to be 
defined by ~20 nm of nominal thickness, deposited at Tsub = -33 °C. One implication is that a quasi-
2D film can potentially always be achieved if Tsub is low enough to suppress the diffusion, as long 
as the film thickness is large enough to achieve full surface coverage. Therefore, this method may 
be applied to the growth of other molecular crystal thin films. This principle has long been 
established for the growth of metal thin films[19] and is demonstrated here for organic thin films as 
well. Identical growth parameters were used for the fabrication of CA films on different substrates, 
with very similar results regarding film and morphology (see Fig. S3 in the supplementary 
materials).23  
To test the ferroelectricity of the grown CA films, we measured the polarization hysteresis of 
the films using capacitor geometry first. We constructed first a capacitor device based on a 185 
nm (thinner films were too leaky for the test) thin CA film grown on Al-buffered Al2O3, by 
depositing an Al top electrode over an area of ~ 0.5 mm2. Fig, 2(a) shows the polarization-voltage 
hysteresis of such an Al/CA/Al/Al2O3 heterostructure, which clearly demonstrates ferroelectricity 
of the vapor-phase grown CA films. The remnant polarization appears to be lower than that of 
single crystal, which is likely due to the polycrystalline nature of the CA film.  
Local ferroelectricity of CA film was also studied using piezoresponse force microscopy (PFM) 
at room temperature.24–26 PFM images representing the vertical (VPFM) and lateral (LPFM) 
amplitude and phase signals of a 35 nm thin film of CA are shown in Figs. 2(c)-2(f), along with a 
topographic image acquired from the same sample region (Fig. 2(b)). The PFM data clearly show 
a polydomain structure, which appears to be closely related to the grain structure of the film. It 
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may thus be concluded that each grain in the film is a single crystal of CA. Comparison of the 
VPFM (Figs. 2(c) and 2(e)) and LPFM (Figs. 2(d) and 2(f)) signals suggests that the orientation 
of the polar c-axis varies from grain to grain. To study the effect of crystallite size on the 
ferroelectricity, we measured CA films grown at very lower Tsub, and found that the grains were 
sufficiently large to develop a polydomain state. An example of such a grain of a CA film grown 
at Tsub = -144 °C, which is over 300 nm in diameter, is shown in Fig. 3. A stripe domain pattern is 
apparent in the PFM amplitude and phase maps, indicating the presence of 180° domain walls 
separating areas of opposite polarization along the ferroelectric c axis.  
To further test the ferroelectric characteristics of the CA films we performed local polarization 
manipulation experiments. Voltage pulses were applied to selected grains in the film, with the 
PFM tip being in direct contact with the grain. Figs. 4(a)-4(c) shows the local manipulation of the 
polarization by application of an external +9V pulse to the tip at position ‘×’ in Fig. 4(a), so that 
the ferroelectric polarization domain structure was reversed from that in Fig. 4(b) to that in Fig. 
4(c). Further, Fig. 4(d) shows the local PFM switching spectroscopy. The square phase-voltage 
hysteretic loop and butterfly-shaped amplitude-voltage curve demonstrate the ferroelectric 
switching occurred with a coercive voltage of ~7 V, signifying the switchable ferroelectric 
property of the CA thin films. 
The obtained results demonstrate the growth of a continuous nanometer thin film of a proton 
transfer ferroelectric organics from the vapor phase. The key, by comparison to earlier studies that 
had ruled out this possibility, has been the careful sublimation of CA powder at temperatures that 
are far below the melting point. Conditions to achieve a quasi-2D film, or a quasi-continuous layer 
of crystallites, have been established: deposition at low substrate temperature to obtain 2D 
morphology and crystallization by slowly warming up to ambient temperature, which is expected 
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to be applicable to other organic films as well. We have demonstrated that the as-grown films 
exhibit a spontaneous pattern of ferroelectric domains where it appears that the films grain 
structure corresponds with the domain structure. The significance of this study is in the 
establishment of a solvent-free growth protocol for room temperature organic ferroelectrics, the 
demonstration of their ferroelectric properties in real capacitor device, and the local manipulation 
of the polarization state with sub micrometer accuracy. We anticipate that our presented growth 
strategy can be adapted so that industrial fabrication at room-temperature is possible, by 
maintaining a kinetically limited film growth at significantly increased deposition rate. The results 
are thus expected to accelerate the development of flexible and bendable ferroelectric thin films 
that may aide in the development of various applications.  
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FIG. 1. Morphological and structural characterization of the croconic acid films. (a) X-ray 
diffraction of the CA films and that of the CA powder. (b) Schematics of the process of the film 
growth: deposition at low substrate temperature to obtain quasi 2D morphology followed by 
thermally induced crystallization after growth. The deposition rate was 1.2 Å/min. RT = room 
temperature. (c-e) The dependence of surface morphology on Tsub while keeping the nominal 
thickness dnom=40 nm. (e-g) The dependence of the surface morphology on nominal film 
thickness (dnom) at a growth temperature of Tsub =-33 °C. h) Distribution of the height analyzed 
from the images in (c-e).  
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FIG. 2. (a) The polarization hysteresis of a 185 nm CA film in an Al/film/Al/Al2O3 capacitor 
geometry. (b) Surface topography of a 35-nm-thick croconic acid film on NCO/Al2O3. As-grown 
ferroelectric domain structures are shown in VPFM amplitude (c) and phase (e) images, and in 
LPFM amplitude (d) and phase (f) images in the same region as (b). 
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FIG. 3. Ferroelectric domain structure in a single grain. (a) Surface morphology, (b) LPFM 
amplitude and (c) LPFM phase. 
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FIG. 4. Local switching of the ferroelectric polarization in a 35-nm-thick croconic acid film. (a) 
Surface morphology. (b) VPFM phase showing the as-grown domain structure. (c) Domain 
structure after application of a +9V pulse to a site marked by ‘×’ in (a). (d) PFM switching 
spectroscopy showing piezoelectric hysteresis loops (upper panel – VPFM phase; lower panel – 
VPFM amplitude) with a coercive voltage of about 7V. 
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Figure S1. (a) Atomic force microscopy image (5 µm5 µm) of a 34 nm CA film grown on an 
Al2O3 at a substrate temperature Tsub = -33 
°C. (b) and (c) are the height distribution and grain 
diameter distribution of the film in (a). 
 
The height of a 5 µm  5 µm area in a film grown in optimal conditions shows a near Gaussian 
distribution, indicating no exposure of substrate. The analysis of the distribution of the grain 
diameters in Figure S1(c) shows the amount of substrate surface covered with grains of a specific 
size. Apparently, grains of 50 nm diameter occupy the largest area of surface and are thus 
encountered most often. From a histogram of the diameter distribution follows the average grain 
diameter, which is 60 nm. 
 
  
  
Figure S2. The surface morphology of croconic acid films grown at different Tsub with dnom= 40 
nm and a growth speed 1.2 Å/min. 
  
 Figure S3. The surface morphology of croconic acid films grown with different dnom at Tsub = -
33 °C nm and a growth speed 1.2 Å/min. 
  
 AFM images of CA films grown on Al2O3 and NiCo2O4/Al2O3 substrates 
 
Figure S4. The atomic force microscopy images for CA films grown on Al2O3 (left) and 
NiCo2O4/Al2O3 (right) under the same growth condition: growth rate = 1.2 Å/min; Tsub = -33 
°C, 
nominal thickness = 34 nm. 
 
The CA films are grown on Al2O3 and NiCo2O4/Al2O3 with the same growth condition. The RMS 
roughness of both substrates is less than 1 nm. The morphologies of the two films appear to be 
similar, as shown in Figure S3. 
 
